Abstract. The effect of the space correlation of oxide charges on the effective mobility of electrons in the channel of an NMOS transistor has been studied. Mobility has been obtained by a single-electron Monte Carlo simulation in which space correlation has been included simultaneously with other effects such as screening of point charges by mobile carriers, image charges, and phonon and surface-roughness scattering. Results have been obtained by assuming different degrees of space correlation for several temperature values and diverse oxide-charge concentrations and positions. The charged-centre space correlation is shown to have a noticeable effect on the electron mobility.
Introduction
In current MOS (metal-xide-semiconductor) technology, a detailed modelling of the electron mobility in the channel of an NMOS transistor is highly desirable in order to accurately predict its behaviour in circuit applications. One of the most important limiting agents on the mobility is Coulomb scattering produced by electric charges in the oxide and at the Si-Si02 interface. Although a great deal of work on modelling this mechanism has been done by other researchers [ l a ] , there remain certain aspects requiring more work. One of these aspects is the space correlation of oxide charges.
In a simplified model of the oxidesilicon interface, oxide charge and interface traps are considered to be uniform charge sheets. In this idealized model, the electrons in an n-type inversion layer would not be scattered by oxide charges [l] . However, since real charges are localized [7] , the actual band bending fluctuates along the Si-SiOz interface and, as a consequence, the electrons are scattered by these spatial fluctuations which modify their transport properties. As the exact calculation of the actual band bending in the presence of localized interface charges is a very difficult problem, the spatial variations of charged-centre density in the plane parallel to the interface are treated as perturbations [SI.
The experimental results of scattering by surface oxide charges appear to reveal a certain randomness in the surface-oxide charge distribution. Nevertheless, 0268-1242/94/051102+06$19.50 0 1994 IOP Publishing Ltd while in surfaces with low charge densities the distribution could be considered as random, in surface with high charge densities the distribution is correlated because of the interaction among the charges.
The effect of the space correlation of surface-oxide charges on electron surface mobility has been dealt with by other authors [Z] , although their study has some limitations. They treated this effect as a separate correction independent of other effects such as: (i) the screening by mobile carriers [SI, (ii) the distribution of the surface oxide chages in the direction perpendicular to the interface, (iii) the distribution of the electrons in the surface channel, and (iv) the influence of the rest of the scattering mechanisms (e.g phonon [9] and surface-roughness [IO] scattering). On the other hand, in formulations in which effects (i), (ii) and (iii) have been considered simultaneously [4] [5] [6] , the oxide charges have been treated as independent, thus overestimating the scattering.
As we have no knowledge of a comprehensive treatment in which the space correlation of charged centres in the oxide is combined with the effects mentioned above, we have developed a complete Monte Carlo simulation [ll] where this has been done. The calculation has been applied to the case of a silicon inversion layer in an MOS structure with a (100) ptype substrate. Different conditions have been studied in order to determine the effect of the oxide-charge space correlation on the surface mobility. The electron inversion layer has been treated as a two-dimensional cox being the permittivity of the oxide. In order to solve equation (2), a self-consistent method has been used [ 111.
The Coulomb scattering rate for an electron of wavevector k in the ith subband, when the final state is in the jth subband, can now be calculated by the c1 mlrlen _-_-mle electron gas contained in the subbands [5, 6, . Our method could be also applied to other systems in which electrons could be treated as a two-dimensional electron gas, even with compound semiconductors.
Theory
The effects of Coulomb scattering are obtained by evaluating the influence that charged centres produce on the position and occupation of the subbands. If a local perturbation pLt is superimposed on tie extemai mean charge density, the electrostatic potential is modified. Its perturbation, W . obeys Poisson's law [ll] 
where r is a vector parallel to the interface and z is the coordinate perpendicular to it. (The oxidesemiconductor interface is assumed to iie in the z = 0 plane.) E(Z) is the position-dependent overall permittivity and 6s; is the permittivity of the silicon.
The first term on the right-hand side of equation (1) is the charge of each of these centres and LZ and L1 are the silicon and the oxide width respectively. G4(z, a)
is the Green function, defined here as [ll] x S(E -E') dk'
where the integration is carried out for all the possible wavevectors of the final states after scattering. The electron wavevectors before and after scattering are related according to Q = k' -k . E and E' are the initial and final energies of the scattered electron, S is the interface area and 
x f h , r z , . . . , T N ) .
Using expressions (4) and (S), the averaged Coulomb scattering rate is finally written as
Expression (10) is the Coulomb scattering rate for a transition from subband i to subband j . Transitions involving different valleys can be considered by taking into account the valley separation in the k-space and accounting for the degeneracy of the final valleys. In general, the matrix element for the larger wavevectors involved in these intervalley transitions, IMP)(Q, zo)lz, is quite small, since the Fourier transform of the potential perturbation rapidly decreases with the increase of value Q, as can be observed in the Green function expression (equation (3)). Therefore, the intervalley rate due to Coulomb scattering will then also be much smaller than that of the intravalley. In addition, the scattering rate for intersubband transitions in the same valley is much smaller than the intrasubband rate due to the reduced overlap factor in the transition matrix element [4] . Therefore, we have included only intrasubband transitions
(ii) (ko(Q)k~(Q))avg is the density space correlation function of the oxide charges [ll] , assuming that all of them are located in the oxide in a plane parallel to the SiSi02 interface or right at it. In order to evaluate this function we need to know the distribution of the charges in the oxide and in the interface. It has generally been assumed that the interfacial charge non-uniformity is the result of a Poisson distribution of point charges, which results from the simple presence of point charges if they are randomly dispersed [7] . We have followed the simpler hard-sphere model in which it is assumed that the distribution of oxide charges is random to the extent that no two particles can be found within a radius of Ro from each other. In this case 1111
where NO is the density of external charge per unit area, J1 is the first-order Bessel function and C = nR;No is a parameter which is a measure of the degree of space correlation. C represents the ratio of the minimum area n Ri to the average area. N;' occupied by a charged particle. C = 0 corresponds to a completely random distribution; C = 1 corresponds to uniform distribution of point charges. In any case, C is only a parameter of our model whose values must be chosen with regard to convenience and should not be given too vigorous a geometrical interpretation.
As Coulomb scattering is assumed to assist only in intrasubband transitions, the difference between the wavevector before and after the scattering is small and we can approximate Q 1 : 2ksin(B/2) where B is the angle between initial and final wavevectors. We obtain the following equation for the scattering rate [Ill
where mf is the parallel mass of the electron in the ith subband.
Results and discussions
The effective mobility has been obtained by the oneelectron Monte Carlo procedure [14] described below: assuming a uniform longitudinal electric field (parallel to the interface), the trajectory of oneelectron motion is followed for a long time. For each longitudinal electric field value, the average drift velocity is calculated from the history of the electron motion. The simulation begins with an electron in a given subband and with a wavevector ko. Then, the duration of the first free flight is calculated from a probability distribution determined by the scattering rates, generating a random number. During the free flight the longitudinal electric field modifies the electron wavevector according to the relation
A scattering mechanism is then randomly chosen as responsible for the end of the free flight according to the relative probabilities of all possible scattering mechanisms. A new k-state after scattering is randomly chosen as the initial state of a new free flight. The entire process is iteratively repeated.
The history of the electron is divided into different subhistories. Each subhistory is continued until the effective scattering events exceed 25 000 to obtain good convergence for the electron drift velocity. The final drift velocity is the mean value of the velocities of each subhistory. The number of subhistories considered is that necessary in order for the standard deviation of the velocity data to fall below 5% of the final mean value.
The average drift velocity is calculated in this way for several values of the longitudinal electric field, and the low-field effective mobility is obtained extrapolating to zero electric field. This is done by fitting the drift-velocity data by least squares to the expression vd -!&LeifEd. We have chosen a range of the longitudinal field high enough to allow the calculation without an excessive number of subhistories and low enough to avoid heating of the electrons.
In our Monte Carlo procedure we have allowed the electron to travel in six subbands and to move between them. In addition we have considered phonon and surface-roughness scattering. Phonon scattering mainly causes one of two types of electron transition [lo]: (i) intravalley acoustic transitions and (ii) intervalley optical transitions, both of which have been adapted from their treatment in silicon bulk to use them in Si(100) inversion layers. The phonon scattering rates have been deduced by using Price's formulation [9] . The intervalley transitions are described via both zero-order coupling in the bulk phonon-model of Jacoboni and Reggiani [14] and first-order coupling since the low-energy intervalley phonons considered in the model are forbidden in zeroorder [14, 15] . Therefore, they have been treated via we have applied the model decribed above in this paper.
More details of the numerical algorithm can be found in
We have obtained curves for the low-field effective mobility versus the effective transverse field (as defined in [ 181) at different temperatures and oxide-charge densities and positions, and for different degrees of space correlation in order to study the effects. Figure 1 shows curves of effective mobility versus effective field obtained for T = 300 K and No, = 0.8 x IO" cm-' for different positions of the distribution of the charges. Dotted curves correspond to a two-dimensional distribution of chargejn a plane parallel to the Si-Si02 interface located 50 A from it, and full curves are for a distribution of charge located right at the interface. The bulk-impurity concentration has been assumed to be NA = 1 x 10I6 ~m -~.
In this figure we can observe that all the curves coincide in the high-field region, even in the case in which oxide charges are kept away from the interface, and for the different values of the oxide-charge space correlation. This fact suggests that in this region effective mobillty is dominated by surface-roughness and phonon scattering. The only differences in the curves are observed at low effective electric fields, which means that Coulomb scattering dominates in that field region. An initial growth and a later decrease of field increases. This behaviour can be justified by the superposition of two tendencies: (i) the tendency of the phonon and surface-roughness scattering to increase with an increasing electric field, and (ii) the tendency of u11.
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Mobility' and space correlation of oxide charges Coulomb scattering to decrease as the effective electric field rises because the higher the electric field, the higher the electron concentration in the inversion layer and the higher the screening of the oxide charge. This last trend is dominant at low electric fields where Coulomb
In both cases in figure 1, space correlation of the oxide charges has the effect of reducing scattering, and hence increasing the mobility since if charges are randomly distributed, the perturbation is locally greater than for uniform distribution. It is also apparent that the lower the transverse electric field the greater the space correlation influence. This was expected, since at low fields the interaction with charges centres is stronger due to the lower screening by mobile carriers. Figure 1 also shows the influence of the position of the charge within the oxide on the effect of the space correlation. Figure 2 shows the influence that oxide-charge space correlation has on the mobility at different conditions of temperature, oxide-charge concentration and positions. In these curves we represent the difference between the effective mobility obtained when assuming that oxide charges are distributed uniformly (C = I), PI, and the effective mobility obtained when oxide charges are distributed randomly (C = 0), po, normalized by H I . This behaviour is to be expected since at high temperatures the mean wavelength of the electrons is comparable with the mean separation of the oxide charges [Z] and the electron 'sees' only one or two oxide charges at a time. Thus, the distribution appears fairly random to the scattered electron, regardless of the value of C. Figure 2(6) shows the influence of space correlation at different concentratinns of oxide charges; the greatez the charge concentration, the greater the influence of the space correlation. As the concentration is high, the mean separation of the oxide charges is quite small, so the scattered electron always 'sees' many oxide charges t t a time, m l the m~bi!it;l becomes very sensitive to the degree of space correlation. Finally, figure 2(c) shows the influence of space correlation at different positions of oxide charges: the greater the distance from the interface the oxide charge is kept, the s d l e 1 the infhence of the space corre!ttioa. For this last figure, a bulk impurity concentration of NA = I x 10l6 cm-3 has been assumed.
In figure 3 , the need to introduce the charged-centre space correlation in order to explain experimental data is deEonstrted. The figre sh=. :
: s the iEFortance of accurately taking into account the oxide-charge space correlation. We have tried to reproduce experimental curves with our Monte Carlo simulator. Details of the calculation are given below. The experimental curves which we have considered Nordheim tunnelling injection [17] . The main effect of this degradation is interface-state generation. Moreover, the charge modification in the oxide due to hot electrons in the oxide must be produced at least at 70 A away to charges placed at these distances is negligible [ll] , we have attributed the main effect on the mobility to the interface states. Therefore, the following parameters cm+. T = 300 K).
The figtie shows theimportance of correctly taking into account the effect of the degree of space correlation to achieve a good agreement. If C = 0 (U) the mobility is obtain a good agreement we have to make C = 0.3 (0).
(N,=3.0~10"cm-~,A=1.5AandL=15~.)
have been assumed: No, = Nit = 3 x 10" cm-' and
The bulk-impurity concentration of the sample for figures 3 and 4 is NA = 3.9 x 1015
If all the impurities in the depletion layer are ionized, and only the charges placed at a distance closer than 100 A from the interface affects mobility [ll] , the effect of the bulk impurity concentration on the electron mobility would be modelled by a charge layer of concentration 3.9 x lo9 cm-' , i.e. two factors of 10 smaller than the oxide-charge concentration. We have observed that this charge does not modify the electron mobility. Nevertheless, bulk impurities have to be considered in order to calculate the subband energy leveIs, to evaluate the depletion and inversion charges, and the effective field. Figure 3 shows that if a value of C = 0 is assumed the calculated curve falls below the experimental, which means that Coulomb scattering has been overestimated. On the other hand, if a value of C = 1 is assumed Coulomb scattering is underestimated and the calculated curve is higher than the experimental one. We have to put C = 0.3 to reach a good agreement between experimental results and calculated ones.
Finally, figure 4 shows that space correlation gains in importance as the charged-centre concentration increases:
(i) Figure 4(a) shows an experimental mobility curve for a non-degraded device where the chargecentre concentration is low (Nox = 2.0 x 10" cm-'). Because of that, the charges are expected to be randomly disuibuted, so we need to choose C = 0 in order to make the simulated curve coincide with the experimental one.
(ii) Figure 4 (b) shows a degraded mobility curve (N, = 2.0 x 10" cm-'). Now, the charge-centre concentration is higher, so the interaction among them is also higher, and therefore so is the space correlation.
(We have to put C = 0.2 to reach a good agreement between experimental results and calculated ones.)
These last results show the importance of chargedcentre space correlation, and considerably underscore its importance in device simulation: if the chargedcentre space correlation is ignored (as has been done before [5, 6] ), Coulomb scattering is overestimated and the simulated results fall below experimental ones.
Conclusions
We have observed that space correlation of the oxide charges plays an important role, and modifies considerably the electron mobility in semiconductor inversion layers, mainly in samples with high concentration and at low temperatures. It has been shown that the higher the charged-centre concentration the greater the effect of the space correlation, and the fMher from the interface the charged centres are, the smaller the influence that space correlation has on the electron mobility. We have also pointed out, by comparing our calculated results with experimental ones, the importance of correctly taking into account the effect of space correlation. In summary, we have shown the great importance that charged-centre space correlation has in device simulation. 
